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ABSTRACT 
In order to meet Low-Cost Solar Project goals, thinner silicon wafers 
are needed. Inner diameter (ID) wafering of ingot rotation has been investi- 
gated as a means of reducing the ID saw blade diameter. The blade thickness 
could then be reduced, resulting in minimal kerf loss. However, significant 
breakage of wafers was found to occur during ingot-rotation wafering as the 
wafer thickness decreased. Fracture mechanics concepts were used to develop 
an equation relating wafer thickness, d!.~meter and fracture behavior at the 
point of fracture by using a model of a wafer, supported by a center column 
and subjected to a cantilever force. The analytical model indicated that 
the minimum allowable wafer thickness would not increase appreciably with 
increasing wafer diameter; it was found to be approximately 500pm for the 
conventional sizes of ingot-rotation ID wafering. Fracture through the 
thickness rather than through the center-supporting column was found to 
limit the minimum allowable wafer thickness. This model suggested that the 
minimum allowable wafer thickness can be reduced by using a vacuum chuck on 
the wafer surface to enhance cleavage fracture of the center core and by 
using <Ill> ingots. 
INTRODUCTION 
Crystal growers have made efforts to grow larger-diameter Czochralski 
silicon ingots, because increased diameter results in lower wafer cost per 
square meter. However, greater wafer thickness was expected to be necessary 
to withstand the greater stresses during wafering, cell processing and 
handling. Most cell manufacturers determine their minimum silicon wafer 
thickness for unconventional sizes by trial and error. Semiconductor 
Equipment & Materials Institute (SEMI) standards for these dimensional 
requirements for semiconductor industries are neither cost-effective nor 
practical for solar cell industries. 
In order to meet Low-Cost Solar Array Project goals, thinner silicon 
wafers are needed. Ingot-rotation ID wafering has been investigated as a 
means of reducing the ID saw-blade diameter. The blade thickness could 
thereby be reduced, resulting in minimal kerf loss. However, significant 
breakage of wafers was found during ingot-rotation wafering ae the wafer 
thickness decreased. The breakage usually took the form of circular crack- 
ing, often to the extent that the entire center of the wafer was broken out. 
The equations developed here provide guidelines for the fabrication of wafers 
of unconventional sizes by ingot-rotation slicing. 
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In Reference 1, fracture mechanics analysis was used to develop an 
equation describing the qtress conditions of a wafer during conventtonal ID 
wafering. This equation predicted the minimum wafer thickness as a function 
of diameter for ID sawing. The required wafer thickness increased with 
increasing wafer diameter and was appreciably smeller than the existing SEMI 
s tandard . 
In this paper, fracture mechantcs concepts were extended to analyze 
the loading conditions of a wafer during ingot-rotation ID wafering. It is 
expected that this analytical model can be used for estimatfng the allowable 
wafer thickness vs diameter for ingot-rotation ID wafering in terms of 
fracture mechanics parameters. 
FRACTURE MECHANICS MODEL 
Ingot wafering j.s one of the most critical processes in controlltng 
cell prod,.ction yield. A wafer with center support subjected to a cantilever 
force can be considered to represent the stressed condition of a wafer during 
ingot-rotation ID wafering (Figure 1). The diameter of the ri*.4.d center 
support, d, can be considered to be the diameter of the center core (uncut 
area) during ingot-rotation wafering. The applied cantilever force, P, on 
the wafer may be due to saw-blade vibration and surface tension, and 
increases with cutting rate (Reference 1). The force on a wafer during 
slicing could be either a distributed loading or a cantilever force. In 
either case, an equivalent concentrated force P (Figure 1) can be used to 
describe the force conditions affecting a wafer during ingot-rotation ID 
slicing. The dragging force parallel to the wafer surface was found to be 
insignificant compared with the stress level within the wafer or in the 
center core, as the height of the center core is very small (i.e., 300pm). 
Only the cantilever force perpendicular to the wafer surface was found to be 
significant during slicing. 
Fracture of materials is the result of the extension of a pre-existing 
flaw under stress. Fracture mechanics defines the flaw size required for the 
onset of rapid propagation and fracture (for a given stress level) as the 
critical flaw size (ac). This critical size in turn depends upon the 
values of the critical stress intensity factor ( K ~ ~ )  for the material. 
Therefore, the fracture strength of material is controlled by a, and KIC of 
the material. For a small semicircular flaw, the relationship equation of 
fracture stress as a function of a, and KIC was derived (~eference 1) and 
can be expressed approximately as: 
Thus, to determine the failure In any direction, it is necessary to know U, 
KIC and ac. KIC is a material constant, although directional, and a, is 
a function of wafering technology. The surface damage to a wafer controls a,. 
Application of a force P at the edge of the wafer results in a stress 
both in the wafer and in the center rupport. These strerree can result in 
failure by propagation of microcracks in directione A and B, respectively. 
The propagation through the vsier thickness (direction A) destroys the wafer; 
propagation through the central core (direction B) reducer total wafering 
time. Considering firet the stress in the wafer (failu* + :n direction A), 
the maximum stress in the wafer was found to occur at the edge of the center 
support and can be expressed analytically (Reference 2) in an equation: 
where : 
a;\ = stress in the wafer at the edge of the center support 
P = applied cantilever force 
t = wafer thickness 
00 
and en is a Fourier series in which en is a function of: 
v = Poisson's ratio 
d = diameter of center support 
D = wafer diameter 
Substituting Equation (1) into Equation (2), the wafer thickness, t, can be 
written as: 
where 
a A - critical flaw size for propagation in direction A 
pA = allowable force to cause crack propagaticn in direction A 
A computer calculation of P as a function of d/D for n up to 30 and V = 0.22 
for silicon (Reference 3) is shown in Figure 2. Thus Equation (3) expresres 
the relationship betwcrn the required wafer thicknere and diameter of a solar 
cell. Next, considering the tendency of the strerr in the center rupport to 
cause crack propagation i n  d i r e c t  !on B, t ke  f i b e r  s t r e s s ,  B can be 
expressed from s t r u c t u r e  ana lys i s  (Reference 4) a s  follows: 
Subs t i tu t ing  Equatioa (1)  i n t o  Equbtion (4 ) ,  the allowable appl ied 
force  (PB) of the center-support column, i n  terms of wafer diameter and 
f r a c t u r e  mechanics parameters, can be wr i t t en  i n  a form: 
I n  t h i s  equation, PB and e c ~  a r e  allowable force and c r i t i c a l  flaw s i z e ,  
respec t ive ly ,  fo r  the cen te r  support column. They ue, be of a d i f f e r e n t  
value from PA and a,* fcr wafers i n  some cases ,  a s  1 L1l be discussed 
below. It should be noted t h a t  PB does not depend on wafer thickness.  
APPLICATION OF ANALYTICAL MODEL 
Application of the model t o  I D  wafering of ro ta ted  s i l i c o n  ingots  i s  
s t ra ightforward.  The f r a c t u r e  mechanics s t u d i e s  (Reference 5)  on s ing le -  
c r y s t a l  s i l i c o n  found t h a t  the  c r i t i c a l  s t r e s s  i n t e n s i t y  f ac to r  KIC i n  
s eve ra l  c r y s t a l l i n e  planes is  a s  fc,llows: 
The typ i ca l  wafer sur face  damage from I D  sawing was measured (Reference 6)  
and found to  be approximately 50 p m  or :  
Subs t i t u t i ng  these values  of KIC and ac  i n t o  Equation (3) ,  the  allowable 
appl ied force ,  P, f o r  wafer f a i l u r e  a t  s eve ra l  wafer thicknesses  fo r  s l i c i n g  
100-m ingots  is shown i n  Figure 3. It is noted t h a t ,  from Equat?on (3).  
PA decreases with increasing a, . An example of t he  e f f e c t  of changes i n  
"CA is shown by e r r o r  bars  on t I! e t = 300 p m  curve. Poin ts  t o  t he  l e f t  a r e  
f o r  acA - 60 p m  and t o  the r i g h t  f o r  a,* = 40 p m .  
A s  rhown i n  Figure 3,  the  minimum required wafer thickntcts without 
cracwing a t  very small values of d (e.g., 2 maa) is v r r y  s e n s i t i v e  t o  the  
force P. Therefore, decreasing the cutting rate near the small d region is 
important for ingot-rotation wafering in order to rsintain minimal wafer 
thickness. Deflection of the vtfer is directly proportional to the applied 
force P. Controlling vafer deflection can be a means of controlling the 
bending stress in the wafer, so that a miniul usable wafer thickness can be 
achieved. 
Again, Figure 3 s h w s  the effect of the center-core diameter on the 
allowable applied force P of the wafer fracture. Observations from Figure 3 
can be sur~arized as follows: 
(1) At each wafering thickness, the allwable force on the wafer 
decreases with decreasing center core dtameter. In other words, 
the probability of cracking a wafer during ingot-rotation 
wafering increases with increasing depth of cutting. 
(2) The allwable applied force P for a wafer decreases rapidly as 
the center core dtareter is reduced to a small value (e.g., 
5 . Therefore, cracks in the wafer are usually found near 
the center of the wafer from ingot-rotation vafering {Figure 4). 
3 In typical conventional ID slicing at a cutting rate of 51 a~/ain, 
a P force was estimated (1) to be 0.5 newton. Using p = 0.5 N, 
for example, to evaluate ingot-rotation a 2 e t h i c k  wafer is 
very likely to Se cracked at d = 50 par, while a 3007-thick 
wafer would be cracked at d=14 a. Rouever, successful Ingot- 
rotation vafering occurs when a wafer is broken off froa the 
ingot at the center core without generating cracks in the wafer. 
A typical wafer surface from ingot-rotation slicing is shorn in 
Figu--a 5. The diameter of the center core is = 1.5 (0.06 in.). 
From Equation (5), the fracture force for the center supporting core as 
a function of co e diameter is plotted in Figure 3 by using acB = 50 pm and 
KIC = 0-82 X N I B - ~ ~ ~ .  If an applied force PB is 0.5 R (a typical value 
for iD sawing, as discussed above), the fracture of the wafer center sup- 
porting core for a 100-me-dia wafer can occur, in Figure 3, at d = 1.6 mm. 
This calculated d value has the same magnitude as the observed value of d in 
Figure 5. 
It has been pointed out that the fracture force PB vs the core 
diameter d in Figure 3 is independent of the wafer thickness. It is found 
that 700~-thick wafers can be sliced at regular cutting speed for P = 0.5 N 
and the center core will fracture att1.7 wn. A 600-p-thick wafer can be 
sliced by reducing cutting force (0.5 N) froa near d = 2.5 nn at a rate 
following its P vs d curve to d = 1.5 mm, where fracture of the center core 
occurs at P = 0.34 N. Figure 3 suggests that 500~-thick wafers require 
force reduction to less than 0.2 N -nd 400-p-thick wal.ring appears to be 
impossible with ingot-rotation slt q. This limit is generally consistent 
with the present state of the a:.' cbf ingot-rotation slicing. 
TECHNOLOGY IMPLICATIONS 
This analysis has implications for potential improvements in ingot- 
rotation slicing. These include control of a, tIC and dlrectfonal 
stress, UB. Thus, tc enhance fracture in the B direction, a C ~  and tq, 
should be maximized, while KIc should be minimized. 
At present, ingot-rotation wafering is done mostly in <loo> ingots. 
Because the fracture strength of the material is directly proportional to 
KICI as shown in Equation (I), the allowable fracture force for the center 
core in <loo> can be greater than that in <Ill> axis, because KIC on 006) 
is greater than KIc on j11U as shown in Equation 6. Thus, tf <Ill> Ingots 
were used, easier fracture in the central core would occur. However, the 
difference is small (Figure 3). In additton, the fracture surface of silfcon 
in fl1I.l was found (Reference 5) to be a clean cleaved fracture; the fracture 
surfe-e in other crystalline planes reveals rough crack branchfng. 
It is also possible to control fracture by means of stress. If u g  
can be made greater by means of some additional force other than (P), then 
f~acture in the B direction is favored. This can be accorpllshed by means 
of a uniform force on the wafer (e.g., by a vacuum chuck). 
The application of a vacuum chuck to ingot-rotation wafering can be 
shown schematically. As shown in Figure 6, the total vacuum force on a wafer 
can be calculated: 
2 where p = vacuum pressure, max p is 1 atm ~ 0 . 1  HNm- . 
The relat ionship of D and d can be expressed: 
where on = nominal stress in the center core. 
Because of the existence of stress concentratton in a deep groove, 
Equation (8) can be rewritten: 
vhere: 
kt = stress concentration factor in the bottom of the groove 
q = stress on the flaw 
il 
The stress conce~tration factor, kt, for a grooved bar in tension is given 
(Reference 7) in Figure 7, in term8 of the ratio of groove root radius, 
r and d. For tngot-rotation ID slicing, the typical value of rld is very 
small (e.g., c0.02). and D/d is very large (e.g., 20); kt value can be very 
large (Figure 7). Assume that: 
Substituting these values into Equations (1) and (9) ,  the calculattms 
indicate that the fracture of the center core occurs at D/d - 6.6 or 
d = 15 mm, as indicated by the line in Figure 3. In this case, if P = 0.5 N, 
from Figure 3, tile minimum allowable wafer thickness can be reduced to 
approximately 300pm, compared with 700 m without the auxiliary force. It 
is important to use <Ill> ingot to maintain clean cleaved fracture in dircc- 
tion B, as mentioned above. 
The most indefinite parameter in this calculation is the value of the 
stress concentration factor (kt). This factor in a machine notch of 
brlttle ceramic can be a very large value, because microcracks are usually 
found in the bottom of the notch. The microcrack is of the order of m; 
the value of r/d can be extremely small. The data in the large kt region 
are not available in Figure 7. Fxperimental determination of kt value i n  
this region is necessary. Thus, the exact location of the fracture curve in 
Figure 3 using the vacuum chuck is imprecise; howevet, there will he a large 
enhancement of direction B fracturing as a result of this additional force. 
CONCLUSIONS 
(1) An analytical model of a thin ctrcular wafer, supported by a 
center core and subjected to a cantilever force at the wafer 
edge, was used to describe the loading condition of a wafer 
during ingot-rotation ID wafering. 
( 2 )  A fracture-mechanics concept was found to be useful in developing 
a relationship equation for the allowable wafer thickness vs 
diameter as: 
where B is a factor relating to the ratio of 3 and d and Poisson's ratio r'.  
(3) The allowable thickness € 8  dependent upon the depth of surface 
damage (flaw size a,) of the wafer. 
(4) It is important to reduce applied force P by minimizing saw 
vibration and cutting rate in order to maintain minimal vafer 
thickness, especially at small center-core diameters. 
(5) At the present state of the art of ingot-rotation ID wafering, a 
limit of minimum wafer thickness was found to be =SO0 p e ~  for the 
conventional wafer d!;meters (e.g., 100 r). 
(6) Fracture in he center core at large diameters was found to be 
important in controlling the minimum allowable vafer thickness 
during wafering. Jse of the vacuum chuck to enhance cleavage 
fracture of the center core of <Ill> ingot in ingot-rotation 
wafering was shown to have great potential to maintain useful 
wafer thickness at a minimum. 
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Fig. 6. Use of Vacuum Chuck in Ingot-Rotation Wafering 
Fig. 7. Stress Concentration Factor Kt for a Grooved Cer 
in Tension (Reference 7 )  
DISCUSSION: 
SCHWUTTKE: I t  l o o k s  t o  me t h a t   you^ model a p p l i e s  t o  t h e  c r y s t a l  l y i n g  
h o r i z o n t a l l y .  Tf you do i n g o t  r o t a t i o n  wouldn ' t  i t  be more f a v o r a b l e  t o  
have  t h e  c r y s t a l  v e r t i c a l ?  
CHEN: Some people  c l a im  h o r i z o n t a l  is  b e t t e r  t h a n  t h e  v e r t i c a l  and some c l a i m  
t h a t  v e r t i c a l  i s  b e t t e r  t h a n  h o r i z o n t a l .  My model d o e s n ' t  sugges t  e i t h e r .  
SCHWUTTKE: You ~ a u m e  t h a t  t h e r e  i s  no advan tage  o r  d i s a d v a n t a g e .  
CHEN: T h i s  q u e s t i o n  r e l a t e s  t o  your paper  and t o  t h e  p reced ing  one .  S e v e r a l  
times t h e  s u b j e c t  came up t h a t  i t  i s  more f a v o r a b l e  t o  u se  (111)  o r i e n t l -  
t i o n ,  i n  your c a s e  because  you induce  c l e a v a g e  r e a d i l y ,  and i n  t h e  former 
paper  because t h e  c ~ i t i n g  r a t e  would be l a r g e r .  Now s i l i c o n  is  an a n i s o -  
t r o p i c  m a t e r i a l  i n  te rms  of  h a r d n e s s .  That  means i f  yoc use  a  (111) p l a n e  
fo r  c u t t i n g  t h e  c r y s t a l  you may go f a s t e r  because  t h e  (111)  i s  t h e  s o f t e s t  
p lane .  On t h e  o t h e r  s i d e ,  t h e  saw damage you i n c u r  w i l l  be much l a r g e r .  
So you have t o  remove more c r y s t a l  m a t e r i a l  and t h e s e  t h i n g s  have  t o  be 
t aken  i n t o  c o n s i d e r a t i o n  i f  you want t o  be c o s t - e f f e c t i v e .  
DYER: D r .  Schwut tke ,  a  number of y e a r s  a g o ,  showed t h a t  f o r  t h e  saws t h a t  he  
e v a l u a t e d ,  t h e  h o r i z o n t a l l y  h e l d  b l a d e  gave worse r e s u l t s  t han  t h e  v e r t i -  
c a l  b l ade  a s  f a r  a s  t h e  dep th  of odrnage i s  concerned .  How do you t h i n k  
t h a t  g r a v i t y  would be a s  a  f o r c e  i n  t h i s ?  How a h o t ~ t  t h e  weight  of t h e  
s l i c e  p u l l i n g  away? Does t h a t  put  t e n s i o n  on t h o s e  c r a c k s  t h a t  vou a r e  
t a l k i n g  a b o u t ?  
CHEN: If vou a rc  ' a l k i n g  abou t  500 microns  and what k ind  of  mass would 
c o n t r i b u t e  t o  che breakage  i n  t h e  c e n t e r  c o r e ,  I would t h i n k  i t  ve ry  s m a l l .  
But you could  have  o t h e r  r e a s o n s  f o r  s l i c i n g  i n  a  v e r t i c a l  d i r e c t i o n .  
DYER: I t  h a s  been shown i n  t h e  l i t e r a t u r e ,  I b e l i e v e  i t  was i n  Meek and 
H u f f s t u t l e r ' s  paper  i n  1969,  t h a t  i f  you have t o o  much l u b r i c a t i n g  f l u i d  
c a r r i e d  i n t o  t h e  k e r f  s l o t ,  i t  i n c r e a s e s  t h e  h y d r a ~ ~ l i c  p r e s s u r e  i n  t h a t  
s l o t  and t h a t  might  be a n o t h e r  t h i n g  c o n t r i b u t i n g  t o  t h a t  f o r c e  P. T 
r e a l i z e  t h a t  your a n a l y s i s  d o e s n ' t  a p p l y  t o  t h a t .  
CHEN: That  is r i g h t ,  s o  I ' v e  g o t  t o  g e n e r a t e  a n o t h e r  model t o  d e s c r i b e  t h a t .  
YERKES: I n o t i c e  t h a t  some of t h e  s p e a k e r s  c a l l  t h i s  l u b r i c a t i n g  f lc l id  and 
P e t e r  Aharonyan c a l l e d  i t  c o o l a n t .  I presume t h a t  i t  i s  t h e r e  f o r  bo th  
purposes  but  i t  woi~ld  seem t o  me t h a t  i t  i s  a  damping m a t e r i a l  o r  i t  c o u l d  
c a u s e  n  h y d r a u l i c  p r e s s u r e .  Has t h e  whole dynamics of t h i s  i n t e r f a c e  been 
s t u d i e d ?  I t  seems t o  me t h a t  your model is s i m p l i s t i c  compared t o  what i s  
r e a l l y  going  on where t h e  diamonds touch  t h e  s i l l c o n  and where a l l  of t h i s  
f l u i d  i s .  I t  seems t o  me t h a t  i s  a  r a t h e r  complex t h i n g  t h a t  i s  happening  
m i l l i o n s  c f  t imes  d u r i n g  a  c u t .  S t a t i s t j c a l l y  and o t h e r w i s e ,  i t  would 
seem t o  me i t  i s  something t h a t  i s  t h e  r e a l  r o o t  of t h e  problem. 
DYER: What do you think about, instead of concentrating on reducing the force 
P or doing these other things, Just back up the slice with something rigid 
and if it has to rotate, make a device to make it rotate, e.g., instead of 
just letting the slice be free floating as you cut it, back up the slice 
with a thick rigid piece of steel, for example, just barely in contact and 
not pull on it and not push on it, have it rotate synchronously with the 
crystal? 
CHEN: If you have a rigid backing on the wafer, essentially you can reduce 
the P force resulting from the blade vibration. That would help to redncc 
the P force and would cause smaller stress fn the A direction. On the 
other hand, you reduce the stress in the B direction. If you have a rigid 
vacuum chuck technique that can control the deflection of the wafer in the 
A direction or yo11 cnn increase the stress in B direction, this will be 
more favorable for rotation ingot wafering. 
